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The polarized CIMEL sun/sky radiometers have been routinely operated within the Sun/sky-
radiometer Observation NETwork (SONET) in China and some sites of the AErosol RObotic
NETwork (AERONET) around the world. However, the polarization measurements are not yet
widely used due to in a certain degree the lack of Stokes parameters derived directly from
these polarization measurements. Meanwhile, it have been shown that retrievals of several
microphysical properties of aerosol particles can be significantly improved by using degree of
linear polarization (DoLP) measurements of polarized CIMEL sun/sky radiometers (CE318-DP).
The Stokes parameters Q and U, as well as angle of polarization (AoP) contain additional
information about linear polarization and its orientation. A method to calculate Stokes
parameters Q, U, and AoP from CE318-DP polarized skylight measurements is introduced in
this study. A new polarized almucantar geometry based on CE318-DP is measured to illustrate
abundant variation features of these parameters. The polarization parameters calculated in
this study are consistent with previous results of DoLP and I, and also comparable to vector
radiative transfer simulations.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The polarization of skylight resulting from interactions of
unpolarized solar electromagnetic radiation with particles in
the atmosphere is more sensitive to some microphysical
parameters of aerosol particles (e.g., particle size, shape,
vertical profile of aerosols) than the total radiance [1–5].
The additional polarimetric measurements can significantly
improve the retrievals of some aerosol parameters [5,6].
Several spaceborne and airborne instruments have been
designed to detect the polarization status of light to deriveer Ltd. This is an open acce
.aerosol properties, for example, POLDER (Polarization and
Directionality of Earth's Reflectances), APS (Aerosol Polarime-
try Sensor, failed to launch), RSP (Research Scanning Polari-
meter), DPC (Directional Polarimetric Camera), 3MI (Multi-
Viewing Multi-Channel Multi-Polarization Imaging Mission),
and AMPR (Airborne Multi-angle Polarimetric Radiometer)
[7–12]. Compared with spaceborne and airborne instruments,
ground-based instruments, for example, RADS-IIP (Polariza-
tion Radiance Distribution Camera System) and some other
experimental and commercial polarization cameras or radio-
meters, can attenuate significantly the effects of surface back-
ground on polarization measurements and provide more
accurate information about aerosols [13–15]. A new ground-
based polarized remote sensing instrument, the CIMEL Dual-
Polar sun/sky radiometer CE318-DP, has been introduced intoss article under the CC BY-NC-ND license
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radiometer Observation NETwork (SONET) to study aerosol
properties throughout the world and focus on China, respec-
tively [16]. The SONET, set up in 2010, has about 15 long-term
observation stations around China. In SONET, the typical urban
industrial polluted stations Beijing (40.01N, 116.31E), Hefei
(31.91N, 117.21E), and Guangzhou (23.11N, 113.41E), the rural
station Zhangye (38.81N, 100.31E), the desert station Minqin
(38.61N, 103.01E), the marine station Zhoushan (29.91N,
122.11E), and the semi-arid station Kashi (39.51N, 75.91E) are
all equipped with CE318-DP. With high accurate, reliable, and
continuous polarization measurements, these instruments
can provide unique polarimetric measurements to study
detailed properties of different types of aerosols in key areas
of China. Furthermore, it is also useful for validating polar-
ization measurements and aerosol products of new space-
borne and airborne polarization instruments (e.g., DPC
and AMPR).
Skylight polarization measurements based on the CE318-
DP can effectively improve retrievals of the fine mode size
distribution, the real part of refractive index, and the spheri-
city parameter of aerosol particles compared with that relying
solely on the radiance [6,17,18]. The existing algorithms based
on CE318-DP observations use only degree of linear polariza-
tion (DoLP) and total radiance I which are independent of the
reference plane. In addition to DoLP and I, the Stokes para-
meters Q and U, as well as angle of polarization (AoP) contain
valuable additional information on intensity and orientation
of linear polarization which are sensitive to some aerosol
properties (e.g., particle shape, size and refractive index)
[14,19,20]. Moreover, the parallel and perpendicular compo-
nents of polarized radiance can be separated from the total
radiance via the results of Stokes parameters I and Q. Unlike
the polarized portion of the Rayleigh scattering component
which is always polarized perpendicular to the scattering
plane, the polarized components of the Mie scattering from
aerosol particles can be polarized either parallel or perpendi-
cular to the scattering plane [21]. The parallel and perpendi-
cular components of the polarized radiance can provide
unique measurements for atmospheric aerosol remote sen-
sing. However, they are not available currently from CE318-DP
measurements due to the unknown orientations of polarizers
in the sky frame caused by operate mechanisms of this kind of
instruments.
The aim of this paper is to extend the analysis of CE318-
DP observations to obtain Stokes parameters Q, U, and angle
of polarization. Both the solar principal plane and the
almucantar geometries are considered. In Section 2, we
introduce useful formulas to describe the polarization of
skylight. In Section 3, we present a method to correct the
initial orientation angle of polarizer axis, and then calculate
the Stokes parameters I, Q, U, the degree of linear polariza-
tion, and the angle of polarization from CE318-DP polarized
skylight measurements. In Section 4, we show the results of
these polarization parameters of skylight under different
scanning angles in the solar principal plane geometry and
relative azimuthal angles in the almucantar geometry. In
Section 5, the results are evaluated by comparing with those
from the vector radiative transfer simulations and previous
results of DoLP and I, following a discussion on uncertainty of
the derived Stokes parameters.2. Deﬁnition
Polarization is one of inherent properties of electromag-
netic radiation [14,22]. The polarization of a light beam can be
described by the 4-dimensional Stokes vector with para-
meters I, Q, U, and V [22,23]. Among them, I is the total
radiance which is a measure of the intensity of light. Q is the
intensity difference between polarized components of elec-
tromagnetic wave parallel and perpendicular to the reference
plane. U indicates intensity difference between polarized
components in planes 451 and 451 to the reference plane.
The Q and U describe the linearly polarized radiation, by
definition, which vary with the definition of reference frame.
V describes the circularly polarized radiation. In nature, the
direct (not scattered) sunlight is unpolarized. Any interactions
of sunlight with particles in the earth's atmosphere may
change both the intensity and the polarization of the propa-
gating electromagnetic wave [1]. After scattered by particles in
the atmosphere (i.e., air molecules, aerosol particles, water
droplets and ice crystals of cloud), the skylight becomes
partially polarized [1,2]. Previous studies show that partially
polarized skylight can be roughly regarded as a superposition
of linearly polarized and unpolarized light. The Stokes vector's
first three elements I, Q, and U are the most important, while
the circular polarization parameter V usually can be neglected
for skylight in the atmosphere [24–26]. Therefore, the polar-
ization of skylight in earth's atmosphere can be described by
the first three Stokes parameters.
The degree of linear polarization is defined as
DoLP ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q2þU2
q
I
; 0rDoLPr1; ð1Þ
for the principal plane observation, the solar principal
plane (defined as the plane containing both the directions
of incident sunlight and the local zenith) is normally
chosen as the reference plane. In this reference frame,
DoLP can also be written as
DoLP ¼ Q
I
: ð2Þ
The angle of polarization χ indicates the angle between
the plane of polarization and the plane of reference. It can
be calculated as
χ ¼ 1
2
atan
U
Q
; 0rχoπ; ð3Þ
where the Stokes parameters Q and U are associated with
the angle of polarization. From different values of χ
differing by π=2 which satisfy Eq. (3), we must choose
the value which also satisfies the following relation [27]:
Sign of ð cos 2χÞ ¼ Sign of Q : ð4Þ
3. Measurements and methods
3.1. System description
The instrument used to measure polarized skylight in
this study is the ground-based CIMEL Dual-Polar sun/sky
radiometer, CE318-DP. It is equipped with two rotating
wheels mounting filters and polarizers in the optical
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the polarizer wheel, and each of them is composed of
three polarizers. This instrument has polarization observa-
tion capability in an extended spectrum with center
wavelengths from 340 to 1640 nm by combining the
rotations of polarizer and filter wheels [6]. Some bands
share the same set of polarizer triplets, for example, 340,
380, 440, and 500 nm; 675 and 870 nm; 1020 and
1640 nm. We should note that it is not always like this
for different instruments. In this study, polarized observa-
tion of the CE318-DP labeled #350 in the AERONET
database is adopted. It is installed at the Institute of
Remote Sensing and Digital Earth (RADI), Chinese Acad-
emy of Sciences (40.01N, 116.31E), which is a joint site of
AERONET and SONET, named “Beijing-RADI” [28]. Taking
into account the issues of absolute calibration of polarized
radiance and comparable with other instruments,
4-channel measurements at center wavelengths 440,
870, 1020, and 1640 nm are considered [29].
CE318-DP is capable of measuring the polarization of
skylight in the solar principal plane geometry “PPP” (i.e.,
Polarized Principal Plane). For this observation geometry,
the relative azimuthal angle (RAA) equals to 01 or 1801. In
the solar principal plane, the Stokes parameter U equals to 0
in ideal condition [19], the available polarization informa-
tion is limited under this observation geometry. Therefore,
we additionally conduct polarization measurement in the
almucantar geometry (i.e., Polarized Almucantar), that is
the observation with the viewing zenith angle equals to
solar zenith angle while varying azimuthal angles from the
sun [13]. The instrument preforms polarization measure-
ments at 35 scanning angles in the solar principal plane
geometry and 28 relative azimuthal angles in the almucan-
tar geometry per hour. At each observing angle, three
intensity measurements are made one by one with each
linear polarized filter, keeping 601 between every two
orientations of the polarizer-preferred transmittance axes
(called the polarizer axes in the subsequent text for short)
[29,30]. The radiance of each measurement is calculated by
Ii;j ¼ 12 Ci;j  Si;j; ð5Þ
where I is the polarized sky radiance (inWm2 nm1 sr1);
C represents the polarization calibration coefficient; S is the
measured digital number. i¼1, 2, 3 indicate the three polar-
izers, separately. j denotes channel index.
3.2. Reference frames
The Stokes vector and the derived polarization para-
meters need to be described with respect to a reference
plane and the corresponding coordinate system. By defini-
tion, I and DoLP are independent of the reference plane,
while the Stokes parameters Q, U, and the angle of
polarization vary with definition of the reference plane.
Although the reference plane can be arbitrarily chosenI0
Q 0
U0
V 0
0
BBB@
1
CCCA¼
1
2
k1þk2 ðk1k2Þ cos 2Ψ
ðk1k2Þ cos 2Ψ ðk1þk2Þ cos 2 2Ψ þ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k1k2
p
sin 2 2Ψ
ðk1k2Þ sin 2Ψ ðk1þk22
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k1k2
p
Þ cos 2Ψ sin 2Ψ
0 0
ðk1
ðk1þ
2
66664through the direction of light propagation, when consider-
ing polarization due to a single scattering process, the
scattering plane which contains the directions of propaga-
tion of the incident and scattered light is usually chosen as
a reference; and when considering polarization due to
multiple scattering processes in the atmosphere, the
meridian plane that contains the view and zenith direc-
tions is normally chosen as a reference [25,31–33]. In order
to compare with vector radiative transfer model simula-
tions and other polarization measurements, the coordinate
system based on the sky frame is adopted in this study to
describe the Stokes parameters. In this frame, the meridian
plane is defined as a reference plane. The corresponding
coordinate system l–r–z is the right-handed Cartesian
coordinate system with l- and r-axes parallel and perpen-
dicular to the reference plane, respectively, and light
propagating along the z¼ r  l direction [32]. For solar
principal plane observations, the principal plane corre-
sponds to the meridian plane. So, the solar principal plane
is also reference plane in this situation.
With regard to the actual observations of CE318-DP,
intensity measurements by a set of triplet linear polarizers
are related to the Stokes parameters I, Q, and U for every
spectral filter at each observing angle. For simplicity, we
assume the polarizer axes are 01, 601, and 1201, separately.
The initial position of the 01 polarizer axis is generally not
in the reference plane of the sky frame, and the angle
between them is unknown due to the uncontrolled instal-
lation angle of the optical sensor with respect to the
reference plane. Therefore, we have to define the Stokes
parameters in a new instrument frame with the plane
containing the direction of 01 polarizer axis and the
direction of propagation of light beam as a reference. In
the instrument frame, the corresponding coordinate sys-
tem is l0–r0–z0, where the l0-axis is along the 01 polarizer
axis; z0-axis is along the direction of propagation; and r0-
axis is perpendicular to both z0- and l0-axes, satisfying the
right-hand rule. With this definition, we can calculate
Stokes parameters in the instrument coordinate system
from three intensity measurements [31]. To obtain Stokes
parameters in the sky frame in this work, we need to
transform reference coordinate system from the instru-
ment frame l0–r0–z0 to the sky frame l–r–z.
3.3. Calculation of Stokes parameters
Interactions of polarized light with atmospheric parti-
cles can be described by the scattering matrix or phase
matrix [22]. Similar to the atmospheric particles, the
optical instrument may also cause absorption, scattering,
reflection, and refraction of light. Likewise, these actions
can be described by the instrument's Mueller matrix. The
CE318-DP uses linear polarizer as a main polarization
optical element, and the interaction with light can be
expressed by [13]ðk1k2Þ sin 2Ψ 0
þk22
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k1k2
p
Þ cos 2Ψ sin 2Ψ 0
k2Þ sin 2 2Ψ þ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðk1k2Þ
p
cos 2 2Ψ 0
0 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k1k2
p
3
77775
I0
Q0
U0
V0
0
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1
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; ð6Þ
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and (I0, Q 0, U0, V 0) is the Stokes vector of light measured by
CE318-DP. Ψ ¼ψþγ, and ψ is the orientation angle of
polarizer axis of perfect installation, that can be measured
by facing to the direction of light propagation and rotating
counter clockwise from the reference plane to the linear
polarizer-preferred transmission plane. γ is the initial
angle of the polarizer axis with respect to the orientation
of perfect installation indicated by the connecting line of
two collimators perpendicular perfectly to the arm of
automated mount for the CE318-DP. Previous studies have
shown that the initial installation angle of polarizer is an
important element affecting measurement accuracy of
polarization [34]. k1 is transmittance of the linear polarizer
along the preferred axis, and k2 is transmittance of the
linear polarizer along an axis of 901 to the preferred axis.
For perfect polarizer, k1 ¼ 1 and k2 ¼ 0. Those are widely
used in literatures [13,29,35].
From CE318-DP polarized skylight measurements at
each observing position, we can measure the intensities
at three orientation angles of linear polarizer axes (i.e., Ψ1,
Ψ2, and Ψ3). According to Eq. (6), we have
I0ðΨ 1Þ
I0ðΨ 2Þ
I0ðΨ 3Þ
0
B@
1
CA¼ 1
2
1 cos 2Ψ 1 sin 2Ψ 1
1 cos 2Ψ 2 sin 2Ψ 2
1 cos 2Ψ 3 sin 2Ψ 3
2
64
3
75
I0
Q0
U0
0
B@
1
CA: ð7Þ
Then, the Stokes parameters I0, Q0, and U0 of an incoming
polarized light can be determined by inversing Eq. (7), that
is [35,36]I0
Q0
U0
0
B@
1
CA¼
sin ð2Ψ 32Ψ 2Þ sin ð2Ψ 12Ψ 3Þ sin ð2Ψ 22Ψ 1Þ
sin 2Ψ 2 sin 2Ψ 3 sin 2Ψ 3 sin 2Ψ 1 sin 2Ψ 1 sin 2Ψ 2
cos 2Ψ 3 cos 2Ψ 2 cos 2Ψ 1 cos 2Ψ 3 cos 2Ψ 2 cos 2Ψ 1
2
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3
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 1
2 sin ðΨ 1Ψ 2Þ sin ðΨ 2Ψ 3Þ sin ðΨ 3Ψ 1Þ
I0ðΨ 1Þ
I0ðΨ 2Þ
I0ðΨ 3Þ
0
B@
1
CA: ð8ÞGiven choosing the instrument coordinate system as a
reference, the 01 polarizer axis will be within the reference
plane, and the initial angle γ will be 01 in this situation.
Then, polarizer orientation angles can be determined
following Ψ 1 ¼ 01, Ψ 2 ¼ 601, and Ψ 3 ¼ 1201. Substitute
them into Eq. (8), it is easy to derive the Stokes parameters
in the instrument frame. However, when we choose the
meridian plane as a reference plane (the actual case in this
study), the orientation angles of polarizer axes are
ψ1 ¼ 01þθ, ψ2 ¼ 601þθ, and ψ3 ¼ 1201þθ. Here, θ is the
orientation angle of the 01 polarizer axis of perfect
installation with respect to the reference plane. γ is
uncertain due to the imprecise installation of the optical
sensor head to automated mount of CE318-DP. Once
installed, this angle is constant for all polarizers on one
polarizer wheel. Therefore, we can obtain Ψ 1 ¼ψ1þγ ¼
01þθþγ, Ψ 2 ¼ψ2þγ ¼ 601þθþγ, and Ψ 3 ¼ψ3þγ ¼
1201þθþγ. For three intensity measurements with a setof triplet polarizers, θ and γ are invariable, and we can
obtain a rotation angle α¼ θþγ.
The Stokes parameters described with respect to the
meridian plane can be obtained by the rotating coordinate
system. Transformation of the original reference coordi-
nate system l0–r0–z0 to the new reference coordinate
system l–r–z requires a rotation of l0- and r0-axes by the
counterclockwise rotation angle α [32]. The rotation of
coordinate system can be expressed as [22]
I
Q
U
V
0
BBB@
1
CCCA¼ LðαÞ 
I0
Q0
U0
V0
0
BBBB@
1
CCCCA
¼
1 0 0 0
0 cos 2α  sin 2α 0
0 sin 2α cos 2α 0
0 0 0 1
2
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0
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1
CCCCA
;
ð9Þ
where I0, Q0, U0, and V0 are the Stokes parameters in the
original coordinate system l0–r0–z0 based on the instru-
ment frame; I, Q, U, and V are those in the new coordinate
system l–r–z based on the sky frame. LðαÞ is the rotation
matrix of coordinate system, and rotation angle α is a
counterclockwise angle rotated from original system to
new system. For CE318-DP, it is hard to know the value of
rotation angle due to an unknown installation angle.
Previous studies have reported the polarization pattern
of skylight in nature [2,14]. The degree and direction of
polarization of skylight are related to location of the sun.
Skylight from the anti-solar half is more polarized than
that from the solar half. The polarization plane which
contains the scattered light should be perpendicular to the
scattering plane. That means, AoP of skylight is 901 in thescattering plane. This pattern is true in different atmo-
spheric conditions, even the sun is obscured by clouds or
below the horizon [2]. In this study, we make use of the
polarization pattern of skylight around the maximum
polarization in the anti-solar half of sky. For the principal
plane observation, the solar principal plane is the scatter-
ing plane. So, AoP theoretically equals to 901 in the solar
principal plane. Measurements have shown that differing
from the DoLP and total radiance of skylight which are
highly variable, AoP is the most stable and predictable
parameter of skylight even under a wide range of atmo-
sphere conditions (e.g., in a partly clouded sky, under thin
clouds, or in fog) [24]. So, similar to the hypothesis of
nonpolarization (DoLP¼0) for the direct solar beam and
the light of integrating sphere which are widely adopted as
reference lights in polarization calibration [29], the theo-
retical angle of 901 can be a reasonable value for AoP of
skylight in the solar principal plane, especially around the
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346338scanning angles of strongly polarized directions (e.g., at a
901 angle from the sun). Therefore, the AoP difference
equals to the angle between coordinate systems based on
the instrument frame and the sky frame. In other word, we
can obtain α¼ χχ 0 ¼ χ901. Then, we can use Eq. (9) to
recalculate the Stokes parameters Q and U, and deduce AoP
in the sky frame.4. Results
The polarized observations of CE318-DP at the Beijing-
RADI site have lasted for more than 4 years in the solar
principal plane geometry and for more than 6 months in the
almucantar geometry. As an example, we illustrate in this
part the polarized skylight observations on December 7, 2013
in Beijing winter, which was a typical heavy haze polluted
day with aerosol optical depth (AOD) at 440 nm steadily
increasing from 1.02 in the morning (00:35 UTC) to 2.24 in
the evening (06:59 UTC), see Fig. 1. The results of Stokes
parameters I, Q, U, the degree of linear polarization and the
angle of polarization obtained from CE318-DP observationsFig. 1. Aerosol optical depth derived from the CE318-DP sun measure-
ments following AERONET level 1.0 data criteria (December 7, 2013).
Fig. 2. The results of degree of linear polarization (a) and totin the solar principal plane at 02:57 UTC (solar zenith angle
64.51 or scanning angle 115.51) and in the almucantar plane
at 02:36 UTC (solar zenith angle 661) are illustrated in Figs. 2
and 3, Figs. 4 and 5, respectively. The atmospheric conditions
for the measurements are listed in Table 1.
4.1. Results in the solar principal plane geometry
Fig. 2 shows the results of DoLP and I as functions of
scanning angle in the solar principal plane, where I is
plotted on a logarithmic scale. The scanning angles are
from 951 to 2651 with increments of 51. Here, 1801
represents zenith observation. Scanning angles exceeding
1801 indicate the anti-solar direction, otherwise, the solar
direction. The angle of incident light is about 115.51. The
angle between directions of incident light and scattered
light is defined as scattering angles. It changes with
position of the sun. As can be seen in this figure, we
measure the maximal I and small DoLP around solar
direction at all wavelength bands. The neutral point where
DoLP is zero can be found around 1301. The DoLP increases
as scattering angle increases in the forward direction and
reaches peak at 901 scattering angle (i.e., the scanning
angle is around 205.51). In contrary, I decreases as scatter-
ing angle increases in the forward direction. Both DoLP and
I are wavelength-dependent, but they generally show the
opposite tendency. The longer the wavelength, the larger
DoLP and the smaller I. This feature can often be found in
haze polluted sky conditions. The relationship between the
wavelength-variations of these parameters and the aerosol
properties should be studied in further investigations.
Generally speaking, DoLP in the anti-solar direction is
larger than that in the solar direction. That means skylight
from the anti-solar half of sky is more polarized than that
from the solar half. Therefore, we just discuss Stokes
parameters Q, U, and AoP in the anti-solar direction later.
Unlike DoLP and I, Stokes parameters Q and U, as well as
AoP depend on the reference plane and the corresponding
reference coordinate system. As defined above, the right-
handed Cartesian reference coordinate system l–r–z based
on the sky frame adopts meridian plane as a reference
plane, with l-axis in the reference plane and r-axisal radiance I (b) in the solar principal plane geometry.
Fig. 3. The results of Stokes parameters Q (a, b), U (c, d), and angle of polarization (e, f) in the solar principal plane geometry before and after reference
coordinate system rotation.
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346 339perpendicular to this plane. As a convention, the Stokes
parameters for linear polarization are defined such that
þQ is aligned with l-axis; Q is aligned with r-axis; þU
is aligned with the bisectrix of þ l and þr, or  l and r;and U is aligned with the bisectrix of þ l and r, or  l
and þr. As mentioned before, the meridian plane is the
same as the solar principal plane for the principal plane
observation. The direction of skylight polarization in
Fig. 4. The results of degree of linear polarization (a) and total radiance I (b) in the almucantar geometry.
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346340nature should be perpendicular to the principal plane and
along the r-axis. According to above convention, the sign
of Q is negative, U equals to zero and AoP equals to 901 in
principle within the sky frame. Fig. 3 depicts the results of
Stokes parameters Q, U, and AoP as functions of scanning
angle in the anti-solar direction of the solar principal
plane. Among them, Fig. 3a, c, e in the left column show
results within the instrument frame, while the corre-
sponding results after rotation of reference coordinate
system from the instrument frame to the sky frame are
illustrated in Fig. 3b, d, f in the right column. Here, the
rotation angles are about 831, 441, and 351 for the three
sets of triplet polarizers. It is obvious that Q is less than
zero after reference coordinate system rotation; the abso-
lute value of U is small and closes to zero; AoP almost all
equal to 901 for different wavelength bands. These are
consistent with the polarization pattern of skylight in
nature [2,14]. AoP deviated from 901 around 2651 scanning
angle in Fig. 3f indicates another neutral point in the anti-
solar meridian [24].
4.2. Results in the almucantar geometry
The results of DoLP and I, as well as Stokes parameters
Q, U, and AoP as functions of relative azimuthal angle in
the almucantar geometry are illustrated in Figs. 4 and 5,
respectively. Compared with the results in the solar
principal plane geometry, polarization parameters in
almucantar geometry can display more variation features
of skylight, especially for Q, U, and AoP. According to Eqs.
(3) and (4), the relationships among AoP and the signs of
Stokes parameters Q and U are listed in Table 2 [27]. These
relationships can be clearly seen after rotation of the
reference coordinate system from the instrument frame
to the sky frame in Fig. 5.
From Fig. 5b, d, f, it can be also found that after rotation
Q is symmetric with respect to the principal plane, U is
antisymmetric with respect to the principal plane, while
AoP appears almost monotonous variation as relative
azimuthal angle (RAA) increases. When RAA equals to
1801 that indicates the solar principal plane, Q reaches to
the minimum; U nearly equals to 0; and AoP is 901. Qreaches to the maximum when RAA is around 701 or 2901
in this case, that varies with wavelength. U is a maximum
or minimum when RAA is around 1101 or 2501, which also
depends on wavelength. In general, the spectral discre-
pancies of Q or U are larger at the angles where they reach
higher absolute values. The previous study has shown that
extreme values vary with different aerosol particle size,
shape, real and imaginary parts of refractive index, while
the angles taking the extreme values for Q and U are
almost unchanged [20]. So it is recommended to utilize the
polarization measurements at these angles in the almu-
cantar geometry to get information on different aerosol
properties. From Fig. 5f, we also find that AoP changes little
with wavelength. In the short wavelength channels (such
as 440 nm in this case), discontinuities exist in the mono-
tone curve of AoP closing to solar direction. This feature
usually can be found in haze polluted days, its relation
with atmospheric aerosol properties remains to further
investigate.
5. Discussion
To evaluate the results of Stokes parameters I, Q, and U,
as well as derived DoLP and AoP, we compare I and DoLP in
the principal plane separately with total radiance mea-
sured from non-polarized channels and degree of linear
polarization obtained directly from three polarized radi-
ance observations (see Eq. (8) in Li et al. [29]) in stead of
Stokes parameters I, Q, and U. Furthermore, we also
compare the calculated results with vector radiative
transfer simulations.
Fig. 6a shows the comparison of DoLP deduced from the
Stokes parameters I, Q, and U in this study and the result
directly calculated from three polarized radiance measure-
ments [29]. It can be found that these two results are
highly consistent. The biggest difference around the max-
imum DoLP at 870 nm is less than 0.005. Likewise, Fig. 6b
shows the comparison of the total radiance I obtained
from the measurements of polarized and non-polarized
principal plane modes, respectively. A time lag between
these two modes of measurements is about 5 min. The
change of skylight may not be ignored within 5 min,
Fig. 5. The results of Stokes parameters Q (a, b), U (c, d), and angle of polarization (e, f) in the almucantar geometry before and after reference coordinate
system rotation.
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two results are pretty close. The differences near solar
direction are bigger than which far from solar direction,
while the differences at 440 nm are bigger than that of
other wavelengths. The biggest differences are less than
0:007Wm2 nm1 sr1 in the anti-solar direction.Comparisons of our results and vector radiative transfer
model simulations are shown in Figs. 7 and 8. The aerosol
input parameters of particle size distribution, real and
imaginary parts of refractive index were retrieved from
CE318-DP non-polarized measurements in almucantar geo-
metry following the procedure described in Li et al. [6]. The
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346342aerosol optical depth (AOD) were obtained from the CE318-
DP sun measurements following AERONET level 1.0 data
criteria, see Fig. 1. We calculate the single scattering of sphere
by using Mie code, and then input the single scattered results
into the Successive Orders of Scattering (SOS) radiative
transfer model [37] for multiple scattering calculation. We
simulate the normalized radiance I, Q, and U, and deduce
DoLP and AoP at the observation geometries of the solar
principal plane and almucantar plane as CE318-DP measure-
ments. The outputs of the scattered fields of radiances are
normalized by the extraterrestrial solar irradiance.
From Figs. 7 and 8, it can be seen that model simulated I
and AoP agree well with the calculated results, especially for
the almucantar geometry. That could be due to the input
parameters derived from the almucantar observations. The
absolute differences are less than 0.007 for the normalized ITable 1
Atmospheric conditions for the measurements shown in Figs. 2 and 3
(02:57 UTC) as well as in Figs. 4 and 5 (02:36 UTC) on December 7, 2013
at Beijing.
Parameters December 7, 2013 December 7, 2013
02:57 UTC 02:36 UTC
Solar zenith angle (1) 64.5 66
Temperature (1C) 4 3.5
Humidity (%) 55.5 53.3
Barometric pressure (hPa) 1013 1013.3
Wind speed (m/s) 1.6 1
AOD@440 nm 1.62 1.47
Table 2
Value ranges of angle of polarization χ determined by signs of Q and U for linea
V¼0 Q40 Q¼0
U40 tan 2χ40, cos 2χ40, 0oχoπ=4 tan 2χ not exist, c
U¼0 tan 2χ ¼ 0, cos 2χ40, χ ¼ 0 tan 2χ not exist, c
Uo0 tan 2χo0, cos 2χ40, 3π=4oχoπ tan 2χ not exist, c
Fig. 6. (a) Comparison of the degree of linear polarization deduced from the
polarized radiance measurements (curves); (b) comparison of the total radiance
(points) and non-polarized channel radiance (curves). The point notation is as ci
1640 nm. The curve notation is as dotted line for 440 nm; dashed line for 870 nand angle differences are less than 21 for AoP in the almu-
cantar geometry. However, for the normalized Stokes para-
meters Q and U, as well as DoLP, model simulations
qualitatively correspond with the measurement results. The
simulated Q are obviously less than corresponding measure-
ment results in the solar principal plane geometry. Deviation
for Q in the solar principal plane and relatively larger
differences at the extreme values of Q, U, and DoLP in the
almucantar geometry are possibly attribute to inputs of model
simulations. The previous study has shown that Stokes
parameters Q and U are very sensitive to aerosol shape, fine
particle size, and real part of refractive index [20]. In these
simulations, we assume the shape of aerosol particle as
sphere. The input aerosol parameters are derived from
unpolarized measurements by CE318-DP. The residual error
of retrieval remains about 1.7%. There is also a short time lag
between polarized measurements and unpolarized ones
when aerosol properties may change a little. So the input
aerosol parameters are more or less different from the real
situation. In addition, the effects of urban surface may
contribute to some differences in the simulations of skylight
polarization. Despite all of these factors, the comparison
between measurement results and model simulations gener-
ally shows a good agreement.
According to above comparisons, the polarization para-
meters derived in this study are consistent with previous
results, and comparable with vector radiative transfer simula-
tions. As we know, the uncertainties in I and DoLP could be
due to: (1) the accuracy of the absolute calibration of polarized
radiance; (2) the assumption of the instrument's Muellerrly polarized light.
Qo0
os 2χ ¼ 0, χ ¼ π=4 tan 2χo0, cos 2χo0, π=4oχoπ=2
os 2χ ¼ 0, χ uncertain tan 2χ ¼ 0, cos 2χo0, χ ¼ π=2
os 2χ ¼ 0, χ ¼ 3π=4 tan 2χ40, cos 2χo0, π=2oχo3π=4
Stokes parameters I, Q, U in this paper (points) and directly from three
I from skylight measurements in polarized principal plane, i.e., Stokes I
rcle for 440 nm; diamond for 870 nm; triangle for 1020 nm; and cross for
m; dash-dot line for 1020 nm; and solid line for 1640 nm.
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scanning angle in the solar principal plane and the almucantar
plane geometries. These factors have also influences on the
calculated Stokes parameters Q and U. In this study, a new
hypothesis of AoP theoretical value of skylight in the principal
plane geometry for perfect installation of the optical sensor
head to automated mount of the instrument is proposed for
the calculation of additional polarization parameters Q and U.
In Section 3.3, we have discussed the rationality of this
hypothesis. Next, we estimate the uncertainties in the calcu-
lated Stokes parameters Q and U resulting from uncertainties
of I, DoLP, and AoP. Previous studies have shown that the
fractional uncertainty in I has been decreased from 5% at early
stage of the AERONET network to the current 3% [16,38].
The DoLP calibration uncertainty has also been esti-
mated  0:005 [29]. Experimental measurements of AoP byFig. 7. Comparisons of radiative transfer model simulations and results of the de
where I is normalized by the extraterrestrial solar irradiance.
δQ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðDoLP  cos 2χ  δIÞ2þðI  cos 2χ  δDoLPÞ2þðI  DoL
q
δU ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðDoLP  sin 2χ  δIÞ2þðI  sin 2χ  δDoLPÞ2þðI  DoLP
qCE318-DP #350 in a super clean chamber show good agree-
ment with the theoretical AoP of reference polarized light
with a fixed large DoLP and variable polarization directions
that generated from a high-precision Variable POlarization
Light Source (VPOLS) [39]. Most of the angle discrepancies are
less than 711. Hence, we consider that the uncertainty in AoP
is 11 (0.017 rad).
From the definitions of polarization parameters, the
Stokes parameters Q and U of the partially polarized
skylight can be expressed as [26]
Q ¼ I  DoLP  cos 2χ
U ¼ I  DoLP  sin 2χ: ð10Þ
According to the law of propagation of uncertainties
[40], the uncertainties in Stokes parameters Q and U are
given bygree of linear polarization (a, b) and the total radiance I (c, d) of this work,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P  2 sin 2χ  δχÞ2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2 cos 2χ  δχÞ2; ð11Þ
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346344we normalize above uncertainties in Q and U by the
intensity I to compare with the uncertainty in I. On the
basis of long-term observations, we consider here the
angle of 901 for AoP and typical values of 0.6 and 0.2 for
DoLP in the clear-sky and multiple-scattering atmosphere
conditions around the maximum polarization positions inFig. 8. Comparisons of radiative transfer model simulations and results of the St
and U are normalized by the extraterrestrial solar irradiance.the anti-solar half sky. In these typical conditions, δQ=I are
about 0.8% (for DoLP¼0.2) and 1.9% (for DoLP¼0.6);
Meanwhile, δU=I approximately equal to 0.7% (for
DoLP¼0.2) and can reach up to 2% (for DoLP¼0.6). The
relative uncertainties in Q and U increase as the DoLP
increases. Considering that the normalized U in theokes parameters Q (a, b), U (c, d), and angle of polarization (e, f), where Q
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346 345principal plane is quite small, the relative uncertainty in U
can be larger in this condition. While the uncertainties of Q
in both the solar principal plane and almucantar plane
geometries and that of U in the almucantar plane geome-
try are acceptable relative to the values of normalized Q
and U [14,20].6. Conclusion
The CIMEL sun/sky radiometer CE318-DP has opera-
tional capability to provide polarization information of
skylight. Polarization of skylight has been used to improve
the retrievals of atmospheric aerosol properties, in addi-
tion, also has high potential to derive more information
about aerosol shape and types [19,41]. Unfortunately,
compared with the degree of linear polarization and total
radiance I, the Stokes parameters Q and U are more
difficult to be derived from the CE318-DP polarization
measurements because their values depend on the refer-
ence plane. Actually, the orientation of the polarizer axis in
the sky frame is hard to know due to the uncontrolled
initial angle of the installation of the optical sensor head to
the automated mount for CE318-DP. We introduce in this
work a method to correct the initial angle, then derive the
Stokes parameters I, Q, U, the degree of linear polarization,
and angle of polarization from CE318-DP polarized sky-
light measurements. In this study, we also extend polar-
ized observation geometry of CE318-DP from solar
principal plane to almucantar. Considering that the Stokes
parameters Q, U, and AoP in almucantar geometry contain
more variation features of skylight, we can expect to get a
wealth of information from these polarization measure-
ments. The results of this study are consistent with
previous results of DoLP and I and in principle agree well
with radiative transfer model simulations. The uncertain-
ties in the derived Q and U are also discussed. In the future,
some subsequent studies can be engaged utilizing these
polarization parameters together to derive more aerosol
properties and help to identify aerosol types.Acknowledgments
The authors acknowledge the support of the National
Basic Research Program of China (973 Program) under
grant 2010CB950800 (2010CB950801), Sino-German
Science Foundation (Grant no. GZ-659) and Director's
Foundation for Youth Scholars of RADI, CAS (Grant no.
Y3SJ7300CX). We acknowledge the CIMEL Electronique for
support in Polarized Almucantar measurements. Li Li
thanks Vladimir V. Rozanov, Xiaobing Sun for discussions.
We are also grateful to the anonymous reviewers for their
valuable comments and suggestions.
References
[1] Kokhanovsky AA. Polarization optics of random media. UK:
Springer-Praxis; 2003.
[2] Smith GS. The polarization of skylight: an example from nature. Am J
Phys 2007;75(1):25–35.[3] Cheng T, Gu X, Yu T, Tian G. The reflection and polarization
properties of non-spherical aerosol particles. J Quant Spectrosc
Radiat Transf 2010;111(6):895–906.
[4] Zeng J, Han Q, Wang J. High-spectral resolution simulation of
polarization of skylight: sensitivity to aerosol vertical profile. Geo-
phys Res Lett 2008;35(20).
[5] Wang J, Xu X, Ding S, Zeng J, Spurr R, Liu X, et al. A numerical
testbed for remote sensing of aerosols, and its demonstration for
evaluating retrieval synergy from a geostationary satellite constella-
tion of geo-cape and goes-r. J Quant Spectrosc Radiat Transf 2014;
http://dx.doi.org/10.1016/j.jqsrt.2014.03.020.
[6] Li Z, Goloub P, Dubovik O, Blarel L, Zhang W, Podvin T, et al.
Improvements for ground-based remote sensing of atmospheric
aerosol properties by additional polarimetric measurements. J Quant
Spectrosc Radiat Transf 2009;110(17):1954–61.
[7] Deuzé J, Bréon F, Devaux C, Goloub P, Herman M, Lafrance B, et al.
Remote sensing of aerosols over land surfaces from polder-
adeos-1 polarized measurements. J Geophys Res: Atmos 2001;106:
4913–26.
[8] Peralta RJ, Nardell C, Cairns B, Russell EE, Travis LD, Mishchenko MI,
et al., Aerosol polarimetry sensor for the glory mission. In: Interna-
tional symposium on multispectral image processing and pattern
recognition. International Society for Optics and Photonics; 2007.
[9] Cairns B, Russell EE, Travis LD. Research scanning polarimeter:
calibration and ground-based measurements. In: SPIE's interna-
tional symposium on optical science, engineering, and instrumenta-
tion. International Society for Optics and Photonics; 1999. p. 186–96.
[10] Gu X, Cheng T, Xie D, Li Z, Yu T, Li D, et al. Aerosol retrieval over cities
using an airborne directional polarimetric camera. SPIE Newsroom;
2010.
[11] Marbach T, Phillips P, Schlüssel P. 3mi: the multi-viewing multi-
channel multi-polarization imaging mission of the eumetsat polar
system-second generation (eps-sg) dedicated to aerosol character-
ization. In: Radiation processes in the atmosphere and ocean
(IRS2012): proceedings of the international radiation symposium
(IRC/IAMAS), vol. 1531. AIP Publishing; 2013. p. 344–7.
[12] Song MX, Sun B, Sun XB, Hong J. Polarization calibration of airborne
multi-angle polarimetric radiometer. Guangxue Jingmi Gongcheng
(Opt Precis Eng) 2012;20(6):1153–8.
[13] Voss KJ, Liu Y. Polarized radiance distribution measurements of
skylight. I. System description and characterization. Appl Opt
1997;36(24):6083–94.
[14] Liu Y, Voss K. Polarized radiance distribution measurement of
skylight. II. Experiment and data. Appl Opt 1997;36(33):8753–64.
[15] Bayat A, Khalesifard HR, Masoumi A. Retrieval of aerosol single
scattering albedo and polarized phase function from polarized sun-
photometer measurements for zanjan atmosphere. Atmos Meas
Tech Discuss 2013;6(2):3317–38.
[16] Holben B, Eck T, Slutsker I, Tanr D, Buis J, Setzer A, et al. Aeroneta
federated instrument network and data archive for aerosol char-
acterization. Remote Sens Environ 1998;66(1):1–16.
[17] Dubovik O, Sinyuk A, Lapyonok T, Holben BN, Mishchenko M,
Yang P, et al. Application of spheroid models to account for aerosol
particle nonsphericity in remote sensing of desert dust. J Geophys
Res: Atmos 2006;111(D11208). http://dx.doi.org/10.1029/2005JD0
06619.
[18] Wendisch M, von Hoyningen-Huene W. Possibility of refractive
index determination of atmospheric aerosol particles by ground-
based solar extinction and scattering measurements. Atmos Environ
1994;28(5):785–92.
[19] Emde C, Buras R, Mayer B, Blumthaler M. The impact of aerosols on
polarized sky radiance: model development, validation, and appli-
cations. Atmos Chem Phys 2010;10(2):383–96.
[20] Li L, Li Z, Wendisch M. Simulation of the influence of aerosol particles on
stokes parameters of polarized skylight. In: IOP conference series: earth
and environmental science, vol. 17. IOP Publishing; 2014.
[21] Pust NJ, Shaw JA. Digital all-sky polarization imaging of partly
cloudy skies. Appl Opt 2008;47(34):H190–8.
[22] Wendisch M, Yang P. Theory of atmospheric radiative transfer.
Weinheim: WILEY-VCH; 2012.
[23] Goldstein D. Polarized light. second ed. New York: Marcel Dekker,
Inc; 2003.
[24] Horváth G, Varjú D. Polarized light in animal vision: polarization
patterns in nature. Heidelberg: Springer-Verlag; 2004.
[25] Schutgens NAJ, Tilstra LG, Stammes P, Bron FM. On the relationship
between stokes parameters q and u of atmospheric ultraviolet/
visible/near-infrared radiation. J Geophys Res: Atmos 2004;109
(D09205). http://dx.doi.org/10.1029/2003JD004081.
L. Li et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 149 (2014) 334–346346[26] Tilstra L, Schutgens N, Stammes P. Analytical calculation of Stokes
parameters Q and U of atmospheric radiation. De Bilt: KNMI; 2003.
[27] Hovenier JW, Mee CVD, Domke H. Transfer of polarized light in
planetary atmospheres: basic concepts and practical method. Dor-
drecht: Kluwer Academic Publisher; 2004.
[28] Li Z, Eck T, Zhang Y, Zhang Y, Li D, Li L, et al. Observations of
residual submicron fine aerosol particles related to cloud and fog
processing during a major pollution event in Beijing. Atmos Environ
2014;86(0):187–92.
[29] Li Z, Blarel L, Podvin T, Goloub P, Chen L. Calibration of the degree of
linear polarization measurement of polarized radiometer using solar
light. Appl Opt 2010;49(8):1249–56.
[30] SunPhotometer user manual; version 4.6 ed.; 2014.
[31] Boesche E, Stammes P, Ruhtz T, Preusker R, Fischer J. Effect of
aerosol microphysical properties on polarization of skylight: sensi-
tivity study and measurements. Appl Opt 2006;45(34):8790–805.
[32] Bhandari P, Voss KJ, Logan L, Twardowski M. The variation of the
polarized downwelling radiance distribution with depth in the
coastal and clear ocean. J Geophys Res 2011;116(C00H10).
[33] Rozanov V, Rozanov A, Kokhanovsky A, Burrows J. Radiative transfer
through terrestrial atmosphere and ocean: software package scia-
tran. J Quant Spectrosc Radiat Transf 2014;133:13–71.[34] Chen L, Hong J, Qiao Y, Sun X, Wang Y. Accuracy analysis on a sort of
polarized measurement in remote sensing. Spectrosc Spectral Anal
2008;28(10):2384–7.
[35] Stam DM, Aben I, Helderman F. Skylight polarization spectra:
numerical simulation of the ring effect. J Geophys Res: Atmos
2002;107:1–15.
[36] Aben I, Helderman F, Stam DM, Stammes P. High-spectral resolution
polarization measurements of the atmosphere with the gome bbm;
1997.
[37] Deuzé J, Herman M, Santer R. Fourier series expansion of the
transfer equation in the atmosphere-ocean system. J Quant Spec-
trosc Radiat Transf 1989;41(6):483–94.
[38] Li Z, Blarel L, Podvin T, Goloub P, Buis JP, Morel JP. Transferring the
calibration of direct solar irradiance to diffuse-sky radiance mea-
surements for cimel sun-sky radiometers. Appl Opt 2008;47(10):
1368–77.
[39] Chen L, Meng F, Yuan Y, Zheng X. High-precision variable polariza-
tion light source. Proc Eng 2012;29:1835–9.
[40] Taylor JR. Introduction to error analysis, the study of uncertainties in
physical measurements.Mill Valley: University Science Books; 1982.
[41] Nousiainen T, Kahnert M, Lindqvist H. Can particle shape information
be retrieved from light-scattering observations using spheroidal model
particles? J Quant Spectrosc Radiat Transf 2011;112(13):2213–25.
